Ectomycorrhizal (ECM) fungal communities of Pinus densiflora were studied along a chronosequence. Four age classes were sampled: 5, 30, 55 and 80 year-old. Morphotyping (anatomical and morphological identification) and molecular analysis (internal transcribed spacer region amplification and sequencing) were used to identify ECM root tips. A total of 43 ECM morphotypes were distinguished, 38 of which were successfully sequenced. Cenococcum geophilum, Cortinarius sp.1, Rhizopogon sp.1, and Russula densifolia dominated the ectomycorrhiza community of P. densiflora. C. geophilum had its peak of abundance in the 5-year-old stand, R. densifolia in the 30 year-old stand and Cortinarius sp.1 in the 80 year-old stand. However abundance of Rhizopogon sp.1 differed little with stand age. ECM fungus species diversity indices increased with stand age along the chronosequence. ECM fungal species diversity was significantly higher in the 5 year-old than in the 30 year-old stand and 55 and 80 year-old stands had similar diversities.
INTRODUCTION
Ectomycorrhizal (ECM) fungi are a species-rich group of root symbionts that promote host plant growth by enhancing plant acquisition of soil resources and improving host tolerance of abiotic and biotic environmental stresses (Smith and Read, 1997) . The structure of ectomycorrhizal fungal communities, including species composition, diversity, and spatiotemporal distribution of above-ground (sporocarp) and below-ground components (mycelia and mycorrhizas), is influenced by multiple factors. For example, climate (Gong et al., 1997) , soil parameters (Tedersoo et al., 2003) and plant community compositions (Taniguchi et al., 2009 ) can affect ectomycorrhizal community structure. But how host plants of different ages or community development influence ectomycorrhizal fungus communities is still poorly understood. ECM morphotype diversity increased with age in a Sitka spruce *Corresponding author. E-mail: zang-shuying@hotmail.com. Tel: 86-0451-88060524. forest chronosequence (6, 12, 30 and 40 year-old stands; Palfner et al., 2005) . Horton et al. (2005) also got the same findings from a 40 and 400 year-old mixed stand of Douglas fir and western hemlock. Morphotype diversity also increased in a forest chronosequence from red oak stands (Gebhardt et al., 2007) . However, Richard et al. (2005) found that the composition and diversity of the ECM community did not depend on the host age of Quercus ilex.
Pinus densiflora Sieb. et Zucc. is one of the major ectomycorrhizal host trees in the eastern Asian biome. The warm temperate climate with constantly humid conditions is thought to contribute to a diverse ECM mycota associated with this species (Iwabuchi et al., 1994) . Fruiting body sampling and identification recorded various ECM fungal symbionts associated with P. densiflora (Fujita, 1989; Yamada and Katsuya, 1995) . Morphotyping of ectomycorrhizas on the fine roots of P. densiflora grown in Japan revealed that Russula and Inocybe were the dominant fungal partners of the symbiosis (Yamada and Katsuya, 2001) . However, whether the ectomycorrhizal fungal community of P. densiflora varies in stands of different age has not yet been examined. The aim of the present study is to employs morphological and DNA-based methods to describe the ECM fungal communities in P. densiflora forests of different ages.
MATERIALS AND METHODS

Study sites
The three study sites are located in Jidong County of Hei Longjiang Province of China in natural regeneration where P. densiflora is the dominant tree species (45°02′−45°07′ N, 131°12′−131°18′ E, 250−400 m above sea level 
Sampling
Sampling was done in August 2008. At each chronosequence, 100 naturally regenerating seedlings that are 5 year-old were randomly selected and 20 soil samples were collected each in the stands of 30, 55 and 80 years old.
The naturally regenerating P. densiflora seedlings were collected in the under storey of an approximately 60 year-old P. densiflora stand. With the exception of the 5 year-old seedlings, an area of 300 m 2 was selected on each P. densiflora stand and sub-divided into five plots. Four 10×10 cm soil samples of a depth of 20 cm were taken at the four cardinal points from one individual tree chosen in each sampling plot of 5×5 m. Seedlings were carefully removed from the soil in order to keep the root system intact and avoid fine root disruption. Soil cores were wrapped with aluminium foil and placed in sealed plastic bags, stored in a cold room at 4°C, and processed within 72 h. In total, 180 soil cores and 300 seedlings were collected.
Morphological analysis
The root systems of seedlings and roots from the soil samples were extracted from the soil using a sieve under tap water and cut into 2 cm fragments. For seedlings from each site, twenty subsamples were selected, which included 100 root tips each. One hundred root tips in each soil core were subsampled.
The samples were observed under a dissecting microscope to determine the percentage of ECM root tips. Ectomycorrhizal tips were sorted with a dissection microscope into morphotypes based on color, luster, branching, and texture as well as the presence of emanating hyphae and rhizomorphs according to Agerer (1987 Agerer ( -2006 and DEEMY (http://www.deemy.de). Ectomycorrhizal colonization was confirmed by microscopic examination of whole mounts of root tips to determine the presence of a mantle and a Hartig net. For each seedling or soil sample, an average of four tips (ranging from one up to six) for each morphotype were individually sampled. A total of approximately 15900 root tips were placed in Eppendorf tubes and washed in sterile water before molecular Ma et al. 6205 analyses.
Molecular analysis
The above replicate ECM samples were used for DNA extraction, as described by Nara et al. (2003) . DNA was polymerase chain reaction (PCR) amplified using the fungal-specific primers ITS1f/ITS4b and ITS1/ITS4 (Gardes and Bruns, 1993) . PCR was performed with a Applied Biosystems 9800 with the following conditions: 95°C for 5 min followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 1 min. Final extension was at 72°C for 7 min. Electrophoresis of the PCR product was conducted with 0.8% agarose gels, stained with ethidium bromide and visualized under UV light. PCR products were purified with a PCR Clean up-M Kit and the direct sequencing was conducted by the TaKaRa Biotechnology (Dalian) Corporation. DNA sequences were aligned pairwise using the Seqman module of the program DNASTAR (DNASTAR, Madison, USA). Blast searches were carried out against the public sequence databases of the National Center for Biotechnology Information (NCBI). Sequences with at least 98% similarity were defined as one operational taxon unit and regarded as one species.
Statistical analyses
Ectomycorrhizal colonization rate (number of ectomycorrhizal per total number of root tips) was ascertained. Abundance of a morphotype was defined as the number of ectomycorrhizal tips per total number of root tips present in all plots of each P. densiflora stand. Richness and the Shannon diversity index were calculated using PC-ORD version 5.0 (McCune and Mefford, 1999) . In addition, several richness estimators were performed: (1) abundance-based coverage estimator of species richness (ACE) relies on the abundances of rare species for estimation of the true species richness; (2) incidence-based coverage estimator of species richness (ICE) is based on presence or absence data; (3) Chao estimators (Chao2) use common species as well as singletons and doubletons to estimate the number of missing species; (4) the second-order Jackknife richness estimator (Jack2) is very sensitive to the number of rare species (Colwell, 2006) . Data were analyzed and graphically displayed using SigmaPlot 10.0 (ANOVA-give company location). Significant differences (P < 0.05) between means were tested by Tukey's test.
RESULTS
Mean ECM colonization was at least 93% for all stands. In total, 43 ECM types could be distinguished by morphotyping. Only 5 ECM types could not be amplified and the remaining 38 ECM types were successfully sequenced (Table 1) . Cenococcum geophilum was the most frequently encountered ectomycorrhizal fungus (EMF), followed by Cortinarius sp.1, Rhizopogon sp.1, and Russula densifolia. Figure 1 depicts the relative abundance of fungi colonizing at least 5% of ECM root tips in at least one age class. The dominant EMF species in the 5 year-old stand was C. geophilum. In the stands that we studied, the abundance of C. geophilum decreased with stand age (Figure 2A ; P<0.013). Cortinarius sp.1 increased with stand age after 5 years ( Figure 2B ; P<0.015). However, the abundance of Cortinarius sp.1 in the 80 year-old stand was only slightly greater than that in the 55 year-old stand, although the difference was nearly significant (P=0.076). Rhizopogon sp.1 differed little with stand age (Figure 2C ; P>0.293). R. densifolia was an important part of the EMF community in the 30 year-old stand. The abundance of R. densifolia increased from the 5 year-old to the 30 year-old stands, with no difference then to the 55 and 80 year-old stands ( Figure 2D ; P <0.011; P =0.105). Diversity indices and richness estimators for P. densiflora ECM morphotypes in different stands are given in Table 2 . Actual sampling recovered at least 66% of the estimated species in 5 year-old stands, 70% in 30 yearold stands, 65% in 55 year-old stands and 63% in 80 year-old stands, when referring to the species richness estimators ICE and Jack2, which are the most sensitive for rare species and small sample size. Based on the Chao2 estimator, at least 61% of the ECM were found in each stand age, but a suite of rare species remains to be detected. The richness of ECM types increased with stand age along the chronosequence (P<0.023). Similar to evenness, Shannon and Simpson's diversity index increased with stand age along the chronosequence. However the ECM richness of 55 year-old stands and 80 year-old stands did not differ significantly (P=0.294).
DISCUSSION
Forty-three ECM morphotypes were associated with P. densiflora, which is more than reported in previous studies (Lian et al., 2006) . C. geophilum, Cortinarius sp.1, Rhizopogon sp.1, and R. densifolia were the most abundant EMF on roots. C. geophilum was the most common species at nearly all investigated stands and its relative abundance in the 5 year-old stands reached about 40% of root tips sampled. Algis et al. (2011) found that C. geophilum dominated all ECM communities, but the relative abundance of C. geophilum mycorrhizas was nearly two times higher on seedlings than on mature trees. A high abundance of C. geophilum was also observed on oak seedlings by Walker et al. (2005) . Matsuda et al. (2009) showed that C. geophilum is the dominant ectomycorrhizal fungus and is distributed ubiquitously in coastal pine forests of Japan. C. geophilum sclerotia are known to persist as viable inocula for long time periods, even in the absence of hosts (Morris et al., 2008) . The higher abundance of C. geophilum on roots of seedlings compared to mature trees can be attributed to the vital role which this fungal symbiont plays in regeneration of P. densiflora stands. Cortinarius sp.1 tended to increase in frequency and abundance with stand age after 5 years. High sporocarp frequency and abundance of Cortinarius species has previously been found to coincide with lower relative abundance on ECM tips (Dahlberg et al., 1997) . Keisuke et al. (2009) showed that Russula sp. and Cortinarius sp. were the most dominant fungi in P. thunbergii coastal forest. Russula spp. are among the most dominant and frequent taxa in ectomycorrhizal forests (Matsuda and Hijii, 2004) and its sporocarps occur commonly in conifer communities (Peter et al., 2001) . Erika et al. (2011) found that Rhizopogon and R. densifolia were dominant species associated with Pinus pinaster seedlings in the Mediterranean. ECM fungal communities can be influenced by a variety of factors including ECM tree species composition, forest structure (Ishida et al., 2007) , stand age (Twieg et al., 2007) , and soil nutrients (Peay et al., 2010; Amy et al., 2011) . The diversity of ECM morphotypes increased with the age of the P. densiflora regeneration stands. However, to some degree, it appeared that small sample size made the results less robust; sampling effort was not enough to clarify the ECM fungal community and the number of replicated plots was limited. Therefore, further investigations involving more intense sampling efforts are required for obtaining general information about the ECM fungal community in P. densiflora forests. Previous studies of ECM fungal successions along host plant age detected clear succession in relatively long time intervals such as several decades or longer (Cázares et al., 2005; Nara et al., 2003; Twieg et al., 2007) . The greatest increase in diversity occurred in the 5 to 30 year-old age class, a period corresponding with tree canopy closure, with diversity shifts leveling off in the older stands. At canopy closure, tree growth rates are rapid and leaf area maximal, with correspondingly high potential for carbon allocation to roots and mycobionts. Host roots are also more abundant and regularly distributed after canopy closure, corresponding with higher diversity of fruiting ECM fungi which likely results in positive feedback to belowground diversity (Kranabetter et al., 2005) . ECM fungal species diversity tended to be slightly higher in the 55 than in the 30 year-old stand, and 55 and 80 year-old stands had similar diversities.
Stand age has been known to strongly affect other ECM communities (Visser, 1995; Smith et al., 2002; Twieg et al., 2007) ; however, stand age did not account for all of the variation. Soil attributes not tested in this study, such as slope, nutrients, moisture and bacterial communities, may also play important roles in ECM community structure. A high diversity of ECM fungi may be necessary to maintain the stability and resilience of the forest ecosystem (Perry et al., 1989) . Both ECM fungal species diversity and composition have been shown to have important consequences for growth and nutrient uptake of the host plant (Baxter and Dighton, 2001 ). Thus, a highly diverse ECM community should more efficiently capture limiting resources and improve plant growth. The role played by each mycorrhizal fungal species in the growth and survival of P. densiflora remains unclear. Future studies could examine the effects of combined inoculation with indigenous ectomycorrhizal fungi on P. densiflora seedlings under controlled conditions and help to increase our understanding of the ECM symbiosis.
